ABSTRACT: Sedimentation, predation and visible light are cited as causal factors to explain the preferential recruitment of coral larvae to shaded habitats in shallow water. Here I examine the effects of ultraviolet radiation (UVR, 280 to 400 nm) on settlement of Pocillopora damicornis (Linnaeus) larvae, and the role of UV-absorbing compounds, mycosporine-like amino acids (MAAs), in 3 field experiments. Larvae were obtained from adults of 4 origins: shallow (< 0.5 m), deep (2 to 3 m), acclimated under UV-transparent (UVT) filters, and under UV-opaque (UVO) filters. Larvae were then exposed to UVT or UVO conditions in specially designed larval settlement chambers placed on the reef at 0.5 m depth. UVR had a negative effect on total settlement. However, UVR did not significantly increase mortality. High performance liquid chromatography analyses revealed significantly higher concentrations of MAAs in adults incubated in UVT conditions compared to those in UVO, and in shallow larvae compared to deep larvae. Despite the differences in MAA concentrations, larval origin did not significantly affect survival or settlement. Lack of an 'origin' effect suggests that either MAAs may not be important to the larval ecology of this species, or that the deep and UVO larvae had at least the minimum amount of MAAs required for UVR protection. Regardless of MAAs, these experiments indicate that larvae may delay settling to the substrate when UVR levels are high (behavioral response), or that UVR is inhibiting the settlement process in some way (physiological response).
INTRODUCTION
Coral reefs are deteriorating at an alarming rate and on a global scale (Hoegh-Guldberg 1999 , Hughes & Connell 1999 . The success of management efforts to protect and rehabilitate reefs depends upon a clear understanding of coral reproductive ecology , Hughes et al. 2000 . Reef rejuvenation may be dependent upon the establishment of juvenile corals, which in turn may depend upon adult coral fecundity, fertilization success, larval transport, settlement (successful metamorphosis) and recruitment (survival of settlers into the population). In this study I examine the effects of a frequently ignored variable, ultraviolet radiation (UVR, 280 to 400 nm), on coral settlement.
Factors known to negatively affect coral settlement and/or recruitment include sedimentation (Hodgson 1990 , Babcock & Davies 1991 , Gilmour 1999 , high biomass of the fouling community (Birkeland 1977) , eutrophication (Tomascik 1991) , and solar irradiance in the visible region (Maida et al. 1994 , Babcock & Mundy 1996 . Numerous studies report that coral larvae preferentially recruit to the vertical or underside surfaces of settlement tiles placed at less than 10 m depth (Birkeland et al. 1981 , Rogers et al. 1984 , Sato 1985 , Wallace 1985 , Tomascik 1991 , Maida et al. 1994 , Babcock & Mundy 1996 , invoking some of the above-mentioned factors to explain this pattern. Often ignored in settlement and recruitment studies, UVR is an important environmental factor that can have profound effects on aquatic organisms (Calkins & Thordardottir 1980 , Holm-Hansen et al. 1993 . Only in the past few decades has UVR been considered important in structuring coral reef communities (Jokiel 1980) , probably because of the misconception that UVR is absorbed rapidly in the water column. Oligotrophic waters are highly transparent to UVR, and UVR penetration is common to depths of 20 m (Jerlov 1950 , Smith & Baker 1979 , Fleischmann 1989 , Dunne & Brown 1996 .
Mycosporine-like amino acids (MAAs), putative sunscreen molecules found in the tissues of many marine organisms (see Dunlap & Shick 1998 for review), accumulate in the tissues of adult corals in response to UVR exposure (Gleason 1993 , Kinzie 1993 . A photoprotective role has been ascribed to MAAs based upon the absorbance properties of the molecules (λ max ranging from 309 to 360 nm) and studies correlating MAA concentration to UVR exposure (see Dunlap & Shick 1998 for review). UV-B radiation (280 to 320 nm) has been shown to negatively affect the survivorship of Agaricia agaricites larvae that have low MAA concentrations; larvae originating from depths of 24 m had higher mortality as a result of UV-B radiation than those from 3 m depth (Gleason & Wellington 1995) . This difference was attributed to the 3-fold higher concentration of MAAs in the larvae from 3 m depth compared to those from 24 m depth. The aim of this study was to examine the effects of UVR on survivorship and settlement of the Indo-Pacific reef coral Pocillopora damicornis (Linnaeus), and to determine if MAA concentration in the larvae affects survivorship and settlement. It has been shown that the concentration of MAAs in corals can be experimentally reduced by screening UVR from the corals' environment (Kinzie 1993) . Further, MAA concentrations within coral tissues are inversely correlated with the depth at which the coral is growing , Banaszak et al. 1998 . Thus, larvae with differing amounts of MAAs were obtained from adults that had been experimentally acclimated to very low UVR and ambient UVR exposure, and from adults naturally occurring along a depth gradient in the field. The larvae were then tested for their sensitivity to UVR in 3 factorial field experiments. I hypothesized that UVR would have negative effects on larvae from deep adults and adults acclimated in the absence of UVR because these larvae would be expected to have lower concentrations of MAAs.
MATERIALS AND METHODS
Kaneohe Bay environment. The study was conducted in Kaneohe Bay, Hawaii (21°29' N, 157°50' W) during the summer of 1998. Kaneohe Bay is characterized by shallow (< 0.5 m) patch reefs scattered throughout the bay, with live coral growth reaching a depth of about 10 m, below which soft-sediments accumulate in the depressions between reefs. The water column is fairly turbid with vertical attenuation coefficients for photosynthetically active radiation (PAR) of K d (PAR) = 0.28, and for UVR from 300 to 400 nm, K d (UVR) = 0.50 (Banaszak et al. 1998) . Using these values, the depth at which 10% of the sub-surface irradiance remains is 8.3 m for PAR and only 4.6 m for UVR.
Collection and maintenance of corals. UV-exposure tank adults: Colonies of Pocillopora damicornis were collected from 4 patch reefs in Kaneohe Bay, Hawaii, on May 23, 1998. All of the colonies were taken from the reef flat at a depth of 0.5 m. Twenty-four colonies were transported to the Hawaii Institute of Marine Biology (HIMB) where 1 from each location was placed in each of 6 outdoor aquaria supplied with continuously flowing seawater. Three aquaria were covered with UV-transparent (UVT, Fig. 1A ) Plexiglas filters and 3 with UV-opaque (UVO; Fig. 1B ) (described in Jokiel & York 1982) . The UVO Plexiglas removed 98% of surface UVR from the UVO acclimation tanks (measured with instrument described below). Previous research has shown that corals adjust MAA levels in response to changes in UVR within 3 to 6 wk (Scelfo 1986 , Kinzie 1993 , Kuffner 2001 . Thus, adult corals were acclimated to the UVR treatments for 7 wk (51 d) before larvae were obtained for experimentation.
Wild-collected adults: On September 9, 1998, 6 colonies were collected from a depth of < 0.5 m on the reef flat (Fig. 1C) , and 6 from a depth of 2 to 3 m (Fig. 1D) . Originally, the 'deep' colonies were collected from 10 m, but these colonies did not release larvae. There were no colonies found in the depth range between 3 and 10 m. Colonies were transported back to HIMB and placed individually in planulae collection containers described by Jokiel et al. (1985) . Briefly, each coral was placed in a pitcher supplied with running seawater that overflowed into a mesh cup in which the larvae would collect.
Larvae from the UVT/UVO acclimation tank adults were used in Expt I, and larvae from the deep and shallow colonies were used in Expts II and III (Fig. 1) .
Larval settlement chambers. Larval settlement chambers were constructed of 15.2 cm long halves of 15.2 cm diam. transparent polyvinylchloride (PVC) tubes with a plate of either UV-transparent (UVT) or UV-opaque (UVO) Plexiglas attached to the top (Fig. 2) . The transparent PVC tubing was of the same optical quality as the UVT filters (transparent to 95% of ambient UVR and 98% of visible light). Mesh of 183 m was adhered with a glue gun to the sides of the chambers. This sized mesh allowed maximum water circulation while keeping the larvae from escaping. The bottoms of the chambers were secured to 30 × 30 cm terracotta tiles via 10 × 10 cm Velcro patches, providing secure platforms for the chambers when placed on the reef. A 5 mm porthole was drilled into the side of each chamber so that the larvae could be gently released inside using a large-tipped pipette. The porthole was then covered with vinyl electrical tape. A biologically condi-253 Fig. 2 . Line drawing of a larval settlement chamber. The chambers consisted of a half-pipe section of clear Plexiglas tubing topped with either UV-transparent or UV-opaque Plexiglas. Each chamber contained a biologically conditioned terracotta tile held in place with plasticine. Nylon mesh, fixed to the sides with hot glue, had an opening size of 183 µm. After the conditioned tile was sealed within the chamber, larvae were loaded through the porthole, after which the hole was covered with vinyl electrical tape tioned terracotta settlement tile approximately 10 × 10 × 1 cm was placed in each chamber and attached with plastic clay ('plasticine'). During Expts I and III, the space underneath the tile was entirely filled with plasticine so that there was no refuge from UVR. During Expt II, refuge space was left available to the larvae.
To confirm the UVR treatments, measurements of the spectral irradiance reaching the inside of the chambers at 0.5 m depth on the reef were taken with a Li-Cor LI-1800UW scanning spectroradiometer (Li-Cor, Lincoln, NB, USA). One of each type of chamber (UVO and UVT) was modified to fit over the sensor in order to measure the amount and quality of irradiance falling on the settlement tile of an intact chamber while underwater. The 2-pi sensor was fitted so that it sat at the bottom of the chamber where the recruitment tile would sit; thus, scattered UVR reaching the inside of the chamber through the mesh and UVT sides was included in these measurements.
Planula larvae. In Hawaii, Pocillopora damicornis releases brooded planula larvae for several days following the full moon (Jokiel & York 1982) . On the day of the full moon, corals were moved from the UVR acclimation tanks or directly from the field to individual larvae collection containers. Larvae were released mainly during the day, and were collected from the containers the following morning. All larvae from adults which had undergone the same treatment were pooled. All colonies released larvae, so different genotypes were most likely represented in each treatment. Larvae were counted under a dissecting microscope and placed into glass scintillation vials until they were transferred to the settlement chambers. One hundred larvae were placed in each of the 48 chambers (Fig. 1) . The chambers were placed at a protected reef site in the lee of Coconut Island, Kaneohe Bay, Hawaii, at 0.5 m depth for 1 wk. Sediment was cleaned from the tops of the chambers each morning.
Scoring of settlement tiles. At the end of 1 wk, the chambers were transported in seawater back to HIMB and temporarily placed in flowing seawater until they were examined within 12 h. A settler was defined as a larva that had undergone metamorphosis with evidence of skeletal calcification. Larvae attached by sticky threads to the substrate were not considered settlers, as many will re-enter the water column after this tenuous stage of attachment. Larvae were scored according to settlement location: tile top, tile sides, tile underside (available in Expt II only), mesh sides, chamber surface exposed to direct irradiance, and chamber surface shaded from direct irradiance. Later, these categories were merged into 2 groups for Expts I and III: those exposed to direct sun (tile top plus exposed chamber surface) and those in cryptic or shaded locations (tile sides, mesh, tile bottom and shaded chamber surface). For Expt II, a third category was added: larvae in shaded locations underneath the tiles. The water inside the chamber was poured through a 183 µm mesh sieve to count the larvae still swimming within the chamber. Total survival was calculated by adding the number of settlers and the number of swimming larvae.
Experimental design. Three experiments were performed following the collection of larvae in July and September 1998 (Fig 1) . Each experiment was of factorial design, crossing larval origin and UVR exposure. There were 4 independent replicates of each treatment combination (i.e., 16 chambers for each experiment).
The purpose of Expt I was to examine the UVR sensitivity of planulae from adult colonies incubated in ambient UVR (UVT) and in the absence of UV (UVO). The spaces under the settlement tiles were filled with plasticine so that the larvae could not escape direct UVR. The planulae were collected form adult colonies on July 13, and placed in chambers on the reef from July 15 to 22. The settlement tiles had been biologically conditioned for 30 d in a shaded, flowing seawater tank and were uniformly covered by spots of crustose coralline algae (CCA) and turf algae.
The purpose of Expt II was to compare the UVR sensitivity of planulae obtained from shallow (< 0.5 m) and deep (2 to 3 m) adults. The spaces under the settlement tiles were available to the larvae to determine if the location of settlement (direct sun, indirect sun and shade) is affected by the presence of UVR. Larvae were collected from adult colonies on September 10, and placed in chambers placed on the reef from September 11 to 18. The settlement tiles had been biologically conditioned for 80 d in an outdoor sea table in the shade. Patches of CCA were distributed preferentially on 1 face of each tile. Thus, the CCA-covered surfaces were all faced downward so that the orientation was consistent in all chambers across all treatments. CCA cover on the undersides of the tile was patchy, but equally distributed among treatments.
Expt III also tested the UVR sensitivity of larvae from shallow and deep, but the spaces under the tiles were filled so that the larvae could not avoid UVR. Larvae released on September 10 by the same colonies used in Expt II were placed in chambers on the reef from September 12 to 19. The settlement tiles had been conditioned for 81 d under the same conditions mentioned above. CCA was patchily distributed over all sides of the tiles.
High Performance Liquid Chromatography (HPLC) of MAAs. When larvae were counted for placement into the settlement chambers, subsamples of the larval pool were taken for analysis of MAA concentration. Five batches of 20 larvae were taken from the UV-exposure tank adults (UVT and UVO), and 5 batches of 10 larvae were taken from the wild-collected (shallow and deep) adults, and immediately frozen at -50°C. On May 21 to 22, 1999, MAAs were extracted from the frozen larvae in 100 µl HPLC-grade methanol, and sonicated for 15 min on ice. The methanol extracts were centrifuged for 3 min to remove particles, the supernatant drawn off and transferred to a polypropylene, low-volume insert placed inside an autosampler vial for HPLC analysis.
Also at the time of planula release, adult tissue samples were taken from 3 colonies of each larval origin (deep, shallow, UVO, UVT) for analysis of MAAs. The MAAs were extracted with 20 ml HPLC-grade methanol, and sonicated for 12 min on ice. The supernatant was then centrifuged for 2 min to remove particles, and analyzed with HPLC.
MAA analyses were performed by slightly modifying the procedures described in and Shick et al. (1992) . Using a Shimadzu HPLC system, MAAs were separated by reverse-phase isocratic HPLC on a Brownlee RP-8 column (25 cm, 5 µm) protected with a RP-8 guard, in an aqueous mobile phase of 0.1% acetic acid and 40% methanol. The flow rate was 0.8 ml min -1 , and the detection of peaks was by UV absorbance at 313 and 340 nm. Identities of peaks were confirmed by co-chromatography with authentic, quantitative standards prepared by the author under the guidance of W. C. Dunlap (Australia Institute of Marine Science). Peaks were integrated using EZChrom software, and quantification of the individual MAAs was accomplished by calibration with quantitative standards. MAA concentrations were normalized to either number of larvae or to gram dry skeletal weight for adult corals.
Statistical analysis. Model I (fixed factor) 2-way ANOVA was performed for each of the 3 experiments using SAS (version 6.12) or Statistix (version 2.0). The models included the 2 factors, UV treatment and origin of the larvae, plus the interaction term. The suitability of the ANOVA model was evaluated by examining normal probability plots and plots of residuals versus fitted values. When percentages fall between 30 and 70%, it is generally not necessary to arcsine transform proportional data (Sokal & Rohlf 1981) ; thus, total survival and total settlement data were not transformed. Proportional data examining settlement in certain locations were arcsine transformed (Neter et al. 1990 ).
RESULTS

Larval settlement chambers
Spectral irradiance measurements comparing a UVT and a UVO chamber revealed that approximately 91% of the irradiance in the UV portion (300 to 400 nm) measured in the UVT chamber was eliminated in the UVO chamber (Fig. 3) . The 9% of the UVR measured inside the UVO chamber was mainly scattered radiation reaching the bottom of the chamber through the UV-transparent Plexiglas and mesh sides, for when the sensor was held 1 cm below the UVO-Plexiglas, 98% of the UVR was eliminated. The jagged appearance of the spectral scan is a result of the focusing of light by wavelets passing over the chamber that is a real phenomenon experienced by organisms in shallow coral reef environments.
General patterns of larval settlement
Of the 1600 larvae placed in the chambers during each experiment, 56.2% settled in the first experiment, 56.6% in the second experiment, and 32.4% in the third experiment (Table 1) . Coral larvae mainly settled on the biologically conditioned tiles, but they also settled on the plastic chamber bottoms, sides and roofs. In the first experiment, 69.6% of the settlers settled on the tiles, and 27.6% settled on the plastic. In the second experiment, the only experiment wherein the undersides of the tiles were available for settlement, 90.2% settled on the tiles, and only 9.5% settled on the plas-255 Fig. 3 . Spectral irradiance scans inside of an UV-transparent (UVT) and an UV-opaque (UVO) larval settlement chamber placed at 0.5 m depth on the reef. Approximately 91% of the UVR (integrated 300 to 400 nm) measured in the UVT chamber was screened out in the UVO chamber tic. In the third experiment, 79.8% settled on the tile and 19.5% settled on the plastic. A negligible number of larvae settled on the mesh and the plasticine.
Expt I UVT/UVO larvae, no refuge from UVR
Survival of larvae averaged 69.6% across all treatments (Fig. 4A) . In 1 replicate chamber, there was an infestation of juvenile gastropods, which had grazed the live tissues from the skeletons by the time of analysis. Because the mortality occurred after settlement, empty skeletons and live settlers were combined for this replicate in estimating total settlement.
There was a significant negative effect of UVR on settlement (p < 0.0059, Fig. 4B , Table 2 ). UVR appears to have had a slight negative effect on survival, but this was not statistically significant (p < 0.0655, Fig. 4A , Table 2 ). Larval origin did not significantly affect either larval survival or settlement (Fig. 4A,B) .
There was no effect of either origin or treatment on the proportion of settlers located in spaces exposed to direct sunlight (Tables 1 & 2) .
Expt II Shallow/Deep larvae, refuge from UVR available
Total survival of larvae was high in all treatments, averaging 69% (Fig. 4C) , except in 2 of the chambers in which very few survivors were found. A replicate from the deep/UVT and 1 replicate from shallow/UVO treatment were almost entirely killed by an unknown cause. These data were removed from the analysis on the basis that something other than treatment effects caused the death of all the larvae before settlement occurred.
Total settlement was negatively affected by UVR (p < 0.0012, Fig. 4D , Tables 1 & 2) , and was not affected by the origin of the larvae. For total survival, there was a significant interaction between the effects of UVR and larval origin (p < 0.0137, Fig. 4C , Table 2 ). Due to the presence of the interaction, 2-sample t-tests were performed for the deep and the shallow larvae separately. UVR was not important in determining survival for the deep larvae (t = 0.97, df = 5, p < 0.38). The shallow larvae had lower mortality in the UVO chambers than in the UVT chambers (t = 3.12, df = 5, p < 0.026).
The undersides of the tiles were accessible to the larvae in this experiment. Despite having shade available, most of the larvae settled in indirect sunlight on the sides of the tiles and plastic chamber ( Table 1) . The exception to this pattern was the shallow larvae in the UVO chambers: 52% of settlers were found on the underside of the tile. A possible confounding effect in this experiment could have been the patchiness in CCA on the tiles. There was more CCA on the undersides of the tiles than there was on the tops of the tiles; however, the area of CCA was generally equal among treatments. Larvae may have been encouraged to settle on the undersides of the tiles, but this extra encouragement was probably close to equal among treatments although it was not quantified. As a result, caution should be used when interpreting these re-256 Table 1 . Pocillopora damicornis. Settlement location of 100 larvae per settlement chamber. Values are means (SE) followed by percentage of total settlement where applicable. Settlers in direct sun included those on the top of the tile and the bottom of the plastic chamber; settlers in indirect sun included those on the mesh, sides of the tile, and the side of the plastic chamber. In some instances percentages do not add up to 100% due to rounding error and the occasional dislodged settler not being designated to a location. There were 4 replicates per treatment in all cases except where marked (*) n = 3. UVO = UV-opaque, UVT = UVtransparent, na = not available sults. Statistical analysis revealed that a higher proportion of larvae settled in direct sun when UV was present, regardless of their origin (UVR p < 0.05; Table 2 ). Further, a higher proportion of deep larvae settled in indirect sun than shallow larvae (origin p < 0.05), and a higher proportion of shallow larvae settled in shade than deep larvae (origin p < 0.025), regardless of UVR treatment (Table 2) .
Expt III Shallow/Deep larvae, no refuge from UVR
In this experiment, survival was universally low, averaging 26%. However, it appeared that mortality ensued after settlement had occurred because fully formed skeletons were abundant on the tiles. Live settlers and empty skeletons were combined for the estimation of total settlement. Since low survival was probably due to some water column event common to all replicates within the experiment and not a result of the treatment effects, it was not statistically analyzed. Recruitment may have been affected by the unknown cause of death as well, evidenced by the lower recruitment rates in this experiment compared to the other two (Table 1 ). Therefore, conclusions should be drawn from these data with caution.
Settlement was negatively affected by the presence of UVR (p < 0.0315; Table 2 ). The proportion of settlers located in direct sun was affected by larval origin (p < 0.05; Table 2), with deep larvae showing a preference for directly lit places. The proportion of settlers found directly exposed to sunlight also seemed to be affected by UVR, with more settlement in direct sun in the absence of UVR (UVO treatment) than in its presence (UVT treatment), although this effect was marginally significant (p < 0.06; Table 2 ).
HPLC analysis of mycosporine-like amino acids
The larvae of Pocillopora damicornis had the same MAAs present in their tissues as the adult corals. There were 6 MAAs identified in the extractions: mycosporine-glycine, shinorine, porphyra-334, palythine, asterina-330, palythene, and one unknown compound. Adult corals incubated in the presence of UVR had 2-fold higher concentrations of identified MAAs than those in the absence of UVR (p < 0.015; Table 3 ). A significant difference in total identified MAA concentration was not detected in the adults from < 0.5 m depth and those from 2 to 3 m depth (p < 0.253; Table 3 ). However, the mean concentration of the shallow adults was double that of the deep adults.
Larvae originating from shallow corals had significantly higher concentrations of identified MAAs than larvae from depth (p < 0.0058; Table 3 ). Unfortunately, the extractions of the UVO and UVT larvae were too dilute because less material was available for extraction, and measurements were too close to detection limits to quantify.
DISCUSSION
The results of all 3 experiments show that UVR had a negative effect on the settlement of Pocillopora damicornis larvae. The presence of UVR within the chamber resulted in a 26 to 35% reduction in larval settlement, regardless of the presence or absence of refuge spaces from UVR. There was no effect of larval origin on settlement as hypothesized. Larvae from adults in shallow water and from adults incubated in UVR did not have higher survivorship or settlement in the UVT treatment than those from deep water or incubated in the absence of UVR; in fact, only shallow larvae in Expt II showed UVR sensitivity. This was surprising considering that larvae from shallow colonies had significantly greater concentrations of MAAs than larvae from deep colonies. These results indicate that either MAAs may not provide photoprotection in this species, or that the reduced concentrations of MAAs tested here were adequate for UVR protection. Regardless of MAAs, the results of these experiments indicate that larvae may avoid or delay recruiting to the substrate when UVR levels are high (behavioral response), or that UVR is inhibiting the settlement process in some way (physiological response).
Role of mycosporine-like amino acids
The results of this study differed somewhat from previous research investigating the photoprotective role 258 Table 2 . Pocillopora damicornis. Two-way ANOVA of survival, settlement and settlement location of larvae from adult colonies originating from UVT or UVO incubation (Expt I) and shallow or deep (Expts II and III) exposed to either UVT or UVO conditions. P-values < 0. of MAAs in coral larvae. Gleason & Wellington (1995) found that larvae collected from 3 m and 24 m were both sensitive to UVB radiation compared to controls, but larvae from 24 m were more so. The depth of collection (or artificial UVR-acclimation of adults) was not particularly important in determining survivorship in my study. The only significant effect was in Expt II where shallow larvae had higher survival in UVT than in UVO conditions. When the MAA concentrations for Agaricia agaricites planulae originating at 3 m reported by Gleason & Wellington (1995) are expressed in nmol larva -1 (using their reported value of 25 µg protein larva -1 ), their values are 2 orders of magnitude higher than those found here. It is possible that Pocillopora damicornis may not supply the brooded larvae with MAAs to the extent that A. agaricites does. In addition, the differences in depth that these researchers were working with were much more pronounced than mine: I was unable to obtain larvae from corals collected at 10 m, and there were no colonies found between 10 and 3 m.
MAAs were only reduced by half after more than 7 wk of being in very low UVR (Table 3) . Also, MAAs from the deepest larvae-producing colonies that I could find still had half the amount of MAAs found in colonies on the reef flat (Table 3) . Thus, corals may retain a base level of MAAs in the absence of a prominent UVR cue. A base level of MAA production would be advantageous in a dynamic light environment, especially for organisms that release gametes or free-swimming larvae into the water column where UVR levels could be higher than those experienced by the parent.
Other researchers have sought to provide evidence for the adaptive role of MAAs in larval ecology. Adams & Shick (1996) demonstrated that cleavage delay caused by UVR in the green sea urchin Strongylocentrotus droebachiensis is reduced in eggs containing high concentrations of MAAs in the presence of UVR. However, a similar study on the eggs of the sea hare Aplysia dactylomela failed to demonstrate a photoprotective role of MAAs (Carefoot et al. 1998) . They found no effect of diet (MAA-rich or MAA-poor) on developmental rates or larval size at hatching, and results regarding hatching success were equivocal. Other studies have shown that MAAs are concentrated in the ovaries of the sea cucumber Holothuria atra (Bandaranayake & Des Rocher 1999) and associated with sexual maturity in the sponge Dysidea herbacea (Bandaranayake et al. 1997) , and suggest that MAAs may perform roles associated with the reproductive cycle in these species rather than UVR protection.
Other coral settlement/recruitment studies
Baker (1995) demonstrated inhibitory effects of UVR on the settlement of Pocillopora damicornis larvae in an outdoor laboratory experiment. Larvae in petri dishes exposed to photosynthetically active radiation (PAR) alone had higher percent settlement compared to those in PAR + UV-A and PAR + UV-A + UV-B. Similar to my results, his study did not reveal any UVR treatment effects on larval survival, nor an effect of larval origin (larvae were obtained from adults acclimated to PAR, PAR + UV-A and PAR + UV-A + UV-B) on survival or settlement. Mundy & Babcock (1998) demonstrated that larvae of different coral species respond differently to spectral quality and light intensity. In 5 of the 6 species tested, larvae remained in the water column as opposed to settling in high intensity light treatments of certain spectral qualities. These observations are consistent with the results of my study. In fact, UVR could have been responsible for their findings, as the spectra reported for the filters used in the treatments reported to inhibit settlement allowed transmittance in the UV region.
A number of factors, such as sedimentation, algal growth, predation by grazers, and visible light intensity, have been put forward to explain the phenomenon that coral larvae recruit to shaded microhabitats in shallow water (Birkeland et al. 1981 , Sato 1985 , Tomascik 1991 , Maida et al. 1994 , Babcock & Mundy 1996 . So far, no one has invoked UVR to explain this pattern. My results suggest that Pocillopora damicornis larvae may use UVR as an anti-settlement cue in shallow water. It is important to distinguish between factors affecting settlement (larval substrate choice and metamorphosis) and recruitment (survival of settlers until being counted by an observer) (Keough & 259 (Littell et al. 1991) Downes 1982). Exposure to UVR would be positively correlated with exposure to sedimentation, filamentous algal growth, and predators, all of which have been invoked to explain recruitment patterns. Concluding that these factors control recruitment patterns could be erroneous due to the unknown effects of larval microhabitat choice during settlement when only recruitment and not settlement has been measured. Babcock & Davies (1991) specifically tested the hypothesis that sediments affect the location of settlement by experimentally manipulating sediment loads in tanks with coral larvae. Their results showed that high sedimentation resulted in fewer settlers on the upper surfaces of settlement tiles, but sedimentation had no effect on total settlement. My results suggest a negative effect of UVR on total settlement, but little effect on settlement location. In fact, the only statistically significant pattern of UVR determining settlement location was that proportionally more larvae settled in direct sunlight when UVR was present (Expt II), which is quite counterintuitive. These results seem to indicate that if the UVR effect on total settlement is behavioral, it is happening early on at the 'settle vs do not settle' stage, and not during the 'where' stage of microhabitat selection. A physiological delay in the settlement process is also quite possible. It would have been interesting to extend the length of these experiments to see if the larvae still swimming in the UVT treatments would have eventually settled.
Mechanism of UV detection
Members of the Phylum Cnidaria are at the tissue level of organization and lack a centralized nervous system. Hyman (1940) notes that some medusoid stages of Class Hydrozoa and Class Scyphozoa possess ocelli, pigmentfilled sensory cells that function as eyespots. Hyman states that members of the phylum lacking ocelli that respond to light must perceive light intensity via the general sensory epithelium. Coral larvae have been long recognized to be phototactic, positively so at first release and then negatively so thereafter until settlement (Edmondson 1929 , Lewis 1974 . It is unknown whether coral larvae are capable of perceiving UVR. Detection of UVR could be indirect. Perhaps UVR affects the bacterial film or the chemical composition of CCA that is necessary to trigger larva metamorphosis in many species of coral (Morse et al. 1988 , Heyward & Negri 1999 .
Implications for coral reproductive ecology
This study demonstrated a link between the presence of ambient UVR and reduced settlement of Pocillopora damicornis larvae. My results illustrate the significance of UVR as an important physical parameter that affects the ecology of P. damicornis. Even if the presence of UV does not directly cause harm to the larvae themselves, my results suggest corals may have evolved to use UVR as a negative cue to metamorphosis during the pre-settlement stage of life. Jokiel & York (1982) have shown that ambient UVR negatively affects adult coral growth while increasing planula production in P. damicornis. Environmental pressures may have selected for allocation of energy toward production of planulae when UVR is particularly high, as well as for an avoidance response of high UVR at the larval stage. Future studies to ascertain if the larvae of other species of coral exhibit a similar response to ambient UVR would be instructive.
